Running quark mass values m q (µ) at some typical energy scales (µ = 1 GeV, µ = m W , and so on) are reviewed. The values depend considerably on the value of Λ M S , especially, the value of top quark mass at µ = 1 GeV does so. The relative ratios of light quark masses (m u , m d and m s ) to heavy quark masses (m c , m b and m t ) are still
§1. Introduction
Recently, there has been considerable interest in phenomenological studies of quark and lepton mass matrices in order to obtain a clue to unified understanding of quarks and leptons. However, for this purpose, we must have the reliable knowledge of running quark mass values m q (µ) which are evolved to an identical energy scale µ (e.g. µ = 1 GeV). Since the earlier work by Gasser and Leutwyler [1] , many works [2] [3] [4] [5] on estimates of running quark masses have been reported. However, the values of Λ M S which were adopted in these references [2] [3] [4] [5] are not identical. Some of the input data have become older. On the other hand, this year (1994), the first observation [6] of top quark mass value has been reported, and the 1994 version of "Review of Particle Properties" (RPP94) [7] has been published. Therefore, this year is just timely for summarizing these works at present stage, and the review will be useful for physicists who intend to make a model-building of quarks and leptons.
In this review, we will give a summary table of running quark masses m q (µ) at µ = 1 GeV, µ = m q , µ = m W and µ = Λ W , where µ = Λ W is a symmetry breaking energy scale of the electroweak gauge symmetry SU(2) L ×U(1) Y .
In this paper, we use the mass renormalization equation
and do not use the renormalization equations for Yukawa couplings. This prescription is applicable only to the energy scale which is below the symmetry breaking energy scale Λ W of the electroweak gauge symmetry SU(2) L ×U(1) Y . If we want to evolve our results m q (µ) to an extremely high energy scale far from µ = Λ W (e.g. µ = Λ GU T ), we must use the renormalization equations for Yukawa couplings.
In the next section, we review values of light quark masses m u (µ), m d (µ) and m s (µ) at µ = 1 GeV. In §3, we review values of heavy quark masses m c (µ), m b (µ) and m t (µ) at µ = m q . In order to estimate m q (µ) at any µ, we must know the values of the QCD parameters Λ 
instead of Grasser-Leutwyler's value (m u + m d ) µ=1GeV = (14 ± 4) MeV. Therefore, Dominguez and Rafael have concluded as
Narison (1989) [3] has obtained
On the other hand, Donoghue and Holstein (1992) [4] have estimated somewhat different quark mass rations 
, is a gauge-invariant, infrared-finite, renomalization-scheme-independent quantity.
Generally, mass function M(p 2 ), which is defined by [1]
where λ is given by λ = 0 in the Landau gauge and λ = 1 in the Feynman gauge. For p 2 = m 2 , we obtain a = 4/3 and b = 0, so that we obtain the relation
The estimate of the pole mass to two loops has been given by Gray et al [8] :
Here the sum in (3.8) is taken over n − 1 light quarks with masses
). The exact expressions of K 0 and ∆(r) are given in Ref. [8] . The numerical values of ∆(M pole i /M pole n ) without approximation are tabled in Surguladze's paper [9] Similarly, for the spacelike value of p 2 ,
q , we obtain a = 4/3 − 2 ln 2 and b = (2/3)(1 − ln 2), so that we obtain the gauge-dependent "Euclidean" masses Narison (1989) [3] has, from ψ-and Υ-sum rules, estimated those as
with Λ = 0.15 ± 0.05 GeV. Dominguez and Paver (1992) [5] have estimated the value of m b as
from the ratio of Laplace transform QCD sum rules in the non-relativistic limit which is not so dependent on the value of Λ. Recently, Tirard and Yuduráin [10] have re-estimated charm and bottom quark masses precisely and rigorously. They have concluded that 
where
3)
and n q is the effective number of quark flavors, so the α s (µ) is given by †
At present, we can use only the expression of α s (µ) where the higher order term O in (4.5) is dropped. Then, the value of α s (µ) is not continuous at nth quark threshold µ n (at which the nth quark flavor channel is opened), because the coefficients β 0 and β 1 in (4.2) depend on the effective quark flavor number n q . Therefore, usually, † In RPP94 [7] a three-loop expression of α s (µ) has been reviewed. However, at the moment, the two-loop expression (4.5) is sufficient for estimating running quark mass values to two-loops.
we use the expression α 
Therefore, we practically regard nth quark mass value m qn (µ) at µ = m qn , m qn (m qn ), as µ n . Particle data group (PDG) [7] has concluded that the world average value of Λ Table IV .
Similarly, the values of Λ The scale dependence of a running quark mass µ q (µ) is determined by the equation
2)
so that m q (µ) is given by
where β 0 and β 1 are given in (4.3) and L = ln(µ 2 /Λ 2 ). Here, m q is the renormalization group invariant mass, which is independent of ln(µ 2 /Λ 2 ).
Since we interest only in the rations m q (µ)/ m q , we define the following quantity
The value of R (n) is not continuous at µ = µ n (µ n is the nth quark flavor threshold).
Therefore, we calculate the evolution of the quark masses
(5.6) For example, the ratio m t (m W )/m t (1 GeV) is given by
The values of
, and so on are summarized in Table V . Table V 
0.31051 1.00000 0.28700 1.00000
In Table VI , we summarize the running quark mass values at µ = m q , µ = 1 GeV, µ = m W (= 80.22 GeV) and µ = Λ W (= 174 GeV), where Λ W is defined by and, for top quark mass, CDF value:
The results are summarized in Table VI . As seen in Table VI , the running quark mass values (especially, those of heavy quarks at µ = 1 GeV, and those of light quarks at µ = m W and µ = Λ W ) are highly dependent on the value of Λ M S . The value of Λ M S given in (4.8) includes large error values, so that the absolute values of quark masses in Table VI are not conclusive.
Although in Table VI , the values of m q (m q ) for light quarks are listed, those values, especially those for u and d, should not be taken rigidly, because α s (µ) rapidly increases at µ ≤ m s , so that the perturbative result R (n) (µ), (5.5), becomes unreliable in such a region. The relative rations among light quark masses at µ = 1 GeV are fairly reliable, while the absolute values m q (1GeV) are still controversial. The relative ratios of light quark masses to heavy quark masses may be somewhat changed in future.
In this paper, we have evaluated m q (µ) only for energy scales µ which are below the electroweak symmetry breaking energy scale Λ W . Running quark mass values at such an extremely high energy scale far from Λ W will be given elsewhere.
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